Rubisco so that the efficiency of CO2 fixation can be maximized. In recent years, selection and analysis of mutants defective in various parts of the mechanism have led to significant progress in our understanding of the components and operation of the CCM (1, 3, 10, 12) . It has now become clear that the mechanism comprises two parts: an active Ci transport system and a microenvironment for the elevation of the CO2 level around Rubisco. The transport system appears to be able to utilize both CO2 and HC03-as substrates, but delivers only HC03-inside the cell (14, 22) . Carboxysomes (the polyhedral-shaped protein bodies containing Rubisco, see ref. 5 ) appear to serve as the site for elevating and maintaining the CO2 concentration around Rubisco (14) (15) (16) .
The important role of the carboxysome compartment as a site of localized CO2 elevation was demonstrated only recently (see ref. 14) and is probably a function of the carboxysome's unique structure and composition. It contains most, if not all, of the Rubisco in the cell, and Rubisco in this structure is clearly active in CO2 fixation (6) . CA is proposed to be an essential part of carboxysome and needs to be present to catalyze the rapid conversion of HCO3-, received from the transport system, to CO2 in the immediate vicinity of Rubisco. A high CO2 concentration is assumed to be maintained in the carboxysome by the low conductance of the protein coat to CO2 leakage or due to a central arrangement of CA with the Rubisco (18, 19) . In a companion article, Price et al. (17) have shown that a specific form of CA activity is associated with carboxysomes purified from Synechococcus PCC7942. They have also shown that a high C02-requiring mutant (Type II mutant, No. 68) has a dramatically reduced level of carboxysomal CA activity.
In this article, we report the isolation of a genomic DNA fragment that complements Type II mutants of Synechococcus PCC7942. The isolated DNA fragment hybridizes to spinach CA gene, suggesting sequence similarities. Fukuzawa et al. (9) have recently isolated and sequenced a DNA sequence that complements a temperature-sensitive mutant of Synechococcus PCC7942, C3P-O, that has some similarity to Type II mutants. They have shown that a 272-amino acid ORF (icfA) is located in the HindIII-BglII fragment (0.91 kb) and has 22% amino acid homology to pea and spinach chloroplast CA genes. High C02-requiring mutants were obtained when the iefA gene was inactivated by insertional mutation with a drug marker (9) . The present article adds to the results of Fukuzawa et al. (9) , and we can now report that the DNA regions that complement Type II and C3P-O mutants are the same. On the basis of the properties of a gene product expressed from the 0.91-kb HindIII-BglII fragment in Escherichia coli, we conclude that the expressed CA activity is the same as the carboxysomal CA recently characterized by Price et al. (17) . It is thus likely that icfA codes for carboxysomal CA.
MATERIALS AND METHODS

Growth Conditions
WT and Type II mutants of Synechococcus PCC7942 were grown in BG11 media buffered with 10 mm 1,3-bis[tris(hydroxymethyl)methylamino]propane (pH 8) ; the cells were gassed with 3.5% CO2 in air (v/v) at a temperature of 300C and a light intensity of 80 ,umol.m-2 s-1, as previously described (13) . Cells were usually harvested by centrifugation at room temperature when Chl density reached about 3 gg-mL-. The cells were then washed twice in unbuffered BG1 1 media for complementation experiments or in assay media aerated with CO2-free air for other measurements.
Isolation of a Complementing Restriction Fragment
BamHI restriction fragments of WT genomic DNA were size fractionated, and those fractions showing most effective complementation (15) were cloned into the BamHI site of the phagemid pTZ19R (11) using standard protocols (20) . A library of 439 separate clones was obtained after transformation of E. coli strain JM109 using blue/white selection for the presence of DNA inserts. Colonies were grown up individually in Luria-Bertani medium overnight, and aliquots of 16 clones were pooled together before extraction of the cloned plasmid DNA by alkaline lysis procedure.
Complementation in the initial screening was done by a 'dot' transformation procedure similar to that described by Dzelzkalns Homogenates of Synechococcus PCC7942 cells were prepared as described by Price et al. (17) . The homogenate was centrifuged briefly to pellet any remaining intact cells. Crude carboxysome pellets containing most of the cytoplasmic and thylakoid membranes and carboxysomes were obtained after precipitation in the presence of 20 mM MgSO4 on ice for 10 min, followed by centrifugation at 10,000g for 5 min. Activity of CA in the extract was measured at 300C in a mass spectrometer as the decline of 180 enrichment from 1 mm NaH13C1803, as previously described (2) . Rubisco activity was determined as described in Price and Badger (15) (Fig. 1) . A partial restriction map was constructed for pT2, and it is interesting that it showed a considerable similarity to a 3.8-kb BamHI genomic DNA fragment that complements a temperaturesensitive, high C02-requiring mutant (C3P-O), as was reported by Suzuki et al. (21) .
Several subclones of the 3.5-kb BamHI (pT2) fragment were constructed by deleting parts of the whole clone and religating them into the same vector ( Fig. 1) . Effective complementation of all three Type II mutants was observed with subclones containing a 2.7-kb HindIII-BamHI fragment (pT2-A) or a 1.7-kb BamHI-BglII fragment (pT2-B), but not with those containing the fragment downstream from the BglII site or upstream from the first XhoI site (pT2-C and pT2-D, Fig.  1 ). Thus, the complementing region for all three mutants examined was located in the 0.75-kb XhoI-BglIIfragment. This fragment overlapped part of the 0.4-kb HindIII-PstI fragment, where the mutation in C3P-O occurred (21) . There had been some indication that the Type II mutants might have impaired intracellular CA activity (15) . To examine whether the pT2 clone contains sequences encoding a CA protein, the 3.5-kb fragment of pT2 was excised by digestion with BamHI, gel purified, and probed with a cDNA clone for spinach chloroplastic CA (a gift from J. Burnell; see ref. 4) . When probed at 600C for 20 h and washed at 550C, hybridization was detected with the 3.5-kb fragment (Fig. 2,  lane a) . The homologous region was further localized by digesting the 3.5-kb fragment with various restriction enzymes and repeating the hybridization. The enzyme, HindIII, produced two fragments of 0.8 and 2.7 kb in length, but only the latter fragment hybridized with the probe (lane b). Further digestion with BglII moved the major hybridizing band from the 2.7-kb fragment to an 0.9-kb fragment (HindIII-BglII), but hybridization was also obvious on the 1.8-kb BglII-BamHI fragment (lane c). Digestion by SphI produced five fragments with sizes (in order from the upstream BamHI site, see Fig. 1 in the phagemid pTZ19R. Subclone pT2-A, which contains the 2.7-kb HindIII-BamHI fragment (see Fig. 1 ), was used in the experiment. Although the lacZ gene is not in frame with the putative ORF in this subclone, CA activity was expressed in E. coli JM109 cells transformed by the subclone (Table II) , probably using the putative ribosome binding site on the fragment. The activity appears to be soluble because it was still present in the supematant fraction after centrifugation. (Table II) . The residual 'CA-like" activity observed after the addition of 30 ,M EZ was not affected to any significant extent by up to 250 uM EZ (Fig. 3) . The Io was estimated to be 2 ,uM (Fig. 3) . This EZ-sensitive activity required 20 mM MgSO4 for maximal activity and was also very sensitive to inhibition by 1 mm DTT (Table II) .
Addition of 20 mM MgCl2 to Mg2+-free assay medium resulted in a slow (more than 7 min) and partial (30%) recovery of CA activity (data not shown), probably due to a combination of Mg2+ stimulation and Cl-inhibition. These characteristics were almost identical to those of CA activity in purified carboxysomes of Synechococcus PCC7942 (17), suggesting that the CA enzyme expressed in pT2-A is the same as the carboxysomal CA in Synechococcus PCC7942. This indicates that icfA may code for carboxysomal CA, but further evidence is necessary before this can be confirmed. Comparable CA activity to pT2-A was also expressed in JM109 transformed with pT2-A1 (data not shown), a subclone containing only the 0.91-kb HindIII-BglII fragment (see Fig. 1 ). The result indicates that the 1.8-kb DNA downstream from the BglII site is unlikely to have a role in expression and that the polypeptide encoded by the icfA gene is fully functional without ancillary proteins. CA-like activity was also detected in untransformed E. coli JM109 cells, but this activity was not inhibited by 30 AM EZ (Table II) . In fact, it showed a slight stimulation on the addition of EZ (data not shown). This activity may represent the E. coli cynT product, which was recently identified to be E. coli CA (9) . This activity was also present in the transformed JM109 cells, was not inhibited by DTT, and was not stimulated by MgSO4 (Table II) .
Expression of the Gene in Synechococcus
Transcription from the pT2 genomic region was examined by northern blotting of the total RNA isolated from WT Synechococcus cells induced at 20 ppm CO2. When the 3.5-kb BamHI fragment was used as a probe (Fig. 4, lane a) , one major and broad RNA band was identified with a size of about 1 kb; a minor band of 0.5 kb might also be present. Although the 1-kb band was diffuse, it is unlikely to be due to the presence of two individual transcripts, since a similar pattern was observed when probed with the 0. (Fig. 4, (Fig. 1) is almost identical to that of a 3.8-kb BamHI fragment that complements a high C02-requiring (temperature-sensitive) mutant, C3P-O (21), and a sequence comparison of the complementing region confirms that at least part of the two BamHI fragments are the same. It is thus likely that pT2 is identical to the 3.8-kb BamHI clone isolated by Suzuki et al. (21) and is located about 20 kb downstream of the rbcLS operon (21) . Sequencing of the SacI-BglII region that complements the C3P-O mutant has revealed an ORF (icfA) encoding a 272-amino acid protein with homology to chloroplastic CA from pea and spinach (9) . Now we can conclude that there is sufficient evidence to tentatively identify the icfA gene product as the carboxysomal CA enzyme in Synechococcus PCC7942, and that the high C02-requiring phenotype of Type II mutants is the result of a mutation in this gene. The evidence for this is as follows: First, the deduced amino acid sequence of icfA has 22% homology with chloroplastic CA genes from pea and spinach, with the motifs involved in Zn binding being highly conserved (9) . Analysis of the nucleotide sequences indicates that there are several small but highly homologous (70-100%) regions between icfA and spinach CA gene. This, with the high concentrations of target DNA used, may explain the adequate hybridization achieved at a moderate stringency (i.e. 600C for hybridization and 550C for washing) despite the low total homology at the amino acid level (Fig. 2) . Furthermore, the start of the hybridizing region (the second SphI site, Fig. 1 ) corresponds to the translation initiation point of icfA. Second, all three Type II mutants have a dramatic reduction in carboxysomal CA activity (Table I) . This was also observed in purified carboxysomes isolated from a Type II mutant (17) . The enzyme activity was restored after the mutant cells were complemented by DNA fragments containing the icfA region (data not shown). Third, insertion of a drug marker (kanr) within icfA produced high C02-requiring mutants (mutants XH-5 and SP-2) that have normal Ci transport and accumulation, but a dramatically reduced level of CO2 fixation (9) . These mutant characteristics are common to the Type II phenotype, but, unfortunately, CA activity and other properties of the two defined mutants (and C3P-O) are not known in the same detail as for Type II mutants (see ref. 15 ). Fourth, and most important, is the fact that CA activity can be expressed in E. coli transformed with subclones (pT2-A and pT2-A1) containing the icfA region, and properties of the expressed CA were similar to the CA activity associated with carboxysomes isolated from Synechococcus PCC7942 (17) . Therefore, we suggest that icfA is likely to code for carboxysomal CA and that the gene might be better named ccaA (for carboxysomal CA) .
Almost all the characteristics of the Type II high CO2- 17 ). An attempt to purify carboxysomal CA is currently in progress. This should also allow an antibody to be raised against the purified protein, allowing the exact location of CA within the carboxysome to be determined.
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